The human perception of rotational hand-arm vibration has been investigated by means of a test rig consisting of a rigid frame, an electrodynamic shaker unit, a rigid steering wheel, a shaft assembly, bearings and an automobile seat. Fifteen subjects were tested while seated in a driving posture. Four equal sensation tests and one annoyance threshold test were performed using sinusoidal excitation at 18 frequencies in the range from 3 to 315 Hz. In order to guarantee the generality of the equal sensation data the four tests were defined to permit checks of the possible influence of three factors: reference signal amplitude, psychophysical test procedure and temporary threshold shift (TTS v Relevance to Industry: For the manufacturers of tyres, steering systems and other vehicular components the proposed W s frequency weighting provides a more accurate representation of human perception of steering wheel rotational vibration than the W h weighting of ISO 5349-1 and BS6842.
Motor vehicle drivers are regularly exposed to vibrational stimuli from various sources. Of the vehicle systems which transmit vibration to the driver, the steering (Pak et al., 1991; Isomura et al., 1995) can be considered the most important due to its role in controlling the vehicle and informing the driver of the vehicle's dynamic state. The level and spectral content of steering wheel vibration depends on numerous factors including the direction of vibration, the nature of the road surface irregularities, the dynamic characteristics of the tyres and the design of the vehicle main suspension and steering mechanism. The vibrational energy transmitted to the wheel can reach frequencies of up to 300 Hz when driving over certain road asperities. Vibrational modes of the steering wheel and column often produce large resonances in the frequency range from 20 to 50 Hz (Pottinger et al., 1986) . Although steering wheel vibration levels do not normally present a health risk in automobiles (Masmejean et al., 1999; Mansfield and Marshall, 2001 ) such vibration might nevertheless cause discomfort, annoyance and both physical and mental fatigue. Peruzzetto (1988) has shown that translational hand-arm vibration produces similar levels of perceived discomfort to translational whole-body-vibration when the acceleration level is 5 to 7 times larger. Given the acceleration levels normally measured at the steering wheel and at the seat in road vehicles, the steering vibration should be considered an important source of discomfort.
The interaction between the human hand-arm system and vibrating surfaces has been the subject of several investigations. Reynolds and Soedel (1972) studied the mechanical response of the hand-arm system to translational sinusoidal vibration in the frequency range from 20 to 500 Hz when gripping a handle. They concluded that arm position had only a minor effect on the impedance of the hand across the frequency range tested but that grip tightness and hand pressure influenced the vibration response at frequenc ies greater than 60 Hz. They also suggested that once a method of grip had been established, the hand-arm system could be treated as a linear system. Reynolds and Angevine (1977) placed small accelerometers at eight points along the hand-arm system from the phalanx of the middle finger to the acromion of the shoulder and measured the mechanical response to handle-induced translational vibration. They showed that vibration at frequencies above 100 Hz was limited to the hand and fingers. Reynolds et. al. (1977) studied the subjective response to a vibrating handle gripped with one hand. They measured equal sensation and annoyance threshold curves for eight test subjects. The results were found to be complex in nature, but all curves showed a general tendency t owards reduced vibration sensitivity with increasing frequency. Burström and Lundstrom (1994) assessed the influences of vibration level, direction of vibration, grip force and hand-arm posture on the absorption of translational energy by the hand-arm system. They concluded that energy absorption was dependent mainly on the frequency and direction of vibration.
Absorption increased with both higher energy levels and firmer handgrips. These authors also stated that varying the hand-arm posture produced only small changes in the absorption while the size and mass of the subject's hand and arm greatly affected energy absorption. Miwa (1967) performed a series of equal sensation and annoyance threshold tests using ten subjects. Each subject performed a series of tests in which they held the palm of their hand flat against a vibrating plate, applying a pushing force which was varied over the range from 5 to 10 kg. A paired comparison method (Gescheider, 1997) was used to establish equal sensation curves using a reference frequency of 20 Hz at three acceleration amplitudes of 0.31, 3.1 and 31.1 m/s 2 r.m.s.. After simplification the data was found to be well described by a line of constant acceleration, one of constant velocity and one of constant displacement, with transition points at 6 and 60 Hz. The equal sensation curves were found to be in good agreement with those for whole-bodyvibration at frequencies above 10 Hz. The curves were also found to be the same in both the horizontal and vertical directions, for one or two hands pushing against the plate and for various shapes of the handle grip.
The equal sensation curves developed for translational vibration have contributed to the definition of the W h frequency weighting which is currently used in both International Organisation for Standardization 5349-1 (2001) and British Standards Institution 6842 (1987) . While being based on a simplification and an extrapolation (Griffin, 1997) of the available equal sensation data, W h was primarily defined for use in measur ing and reporting hand-arm exposures for the purpose of quantifying health effects. As the only frequency weighting available, W h has often been used in the automotive industry for evaluating steering wheel vibrational discomfort by means of measurements performed in both the translational and rotational directions of the wheel. Some questions can be raised regarding the use of W h in the steering application, particularly its appropriateness for quantifying the tangential acceleration caused by wheel rotation.
The objective of the present study was to develop a frequency weighting (conceptually similar to W h ) for the purpose of evaluating rotational vibration in road vehicles over the frequency range from 3 to 315 Hz.
Since the equal sensation curves required to define such a weighting can be affected by numerous factors, it was decided to perform more than a single type of equal sensation test so as the check the generality and consistency of the resulting data. Four equal sensation tests were performed to check for the possible effects of three factors: reference signal amplitude, psychophysical test method and temporary threshold shift (TTS v ) caused by the exposure. In addition to the equal sensation curves, an annoyance threshold test was also performed to determine the upper limit of rotational hand-arm vibration that humans are willing to accept for short periods of time.
Experiment

Test Rig
All tests were performed using the steering wheel rig presented in Figure 1 . The rotational system consisted of a 325mm diameter aluminum wheel attached to a steel shaft which was in turn mounted to two bearings. The shaft was connected to the electrodynamic shaker head by means of a copper stinger-rod. Table 1 presents the main geometric dimensions of the test rig, which were chosen based on data from a small European automobile. The seat was fully adjustable in terms of horizontal position and back-rest inclination as in the original vehicle. Rotational vibration was applied by means of a G&W V20 electrodyna mic shaker driven by PA100 amplifier (Gearing and Watson Electronics Ltd, 1995) using an external TTI TG1010 digital sine wave generator (Thurlby Thandar Instruments Ltd, 1994 
Frequency Range
The choice of test frequencies was based on the analysis of a road test database (Human Dynamics Group, 2000) which included steering wheel measurements from one European mid-sized automobile that was driven over six typical road surfaces ranging from cobblestones to smooth motorway asphalt. The road tests were performed using both 175/65 R14 and 225/45 R16 tyres at tyre inflation pressures of 1.5 and 2.0 bars respectively. Acceleration was measured in three orthogonal directions at two positions (90 and 270 degrees) along the steering wheel by means of two tri-axial accelerometers mounted on steering wheel clamps. The steering wheel power spectral densities determined from all the roads and test conditions
showed that a significant amount of vibrational energy was present in the rotational direction between 10 and 60 Hz, but that vibrational energy was much lower outside this range. Large peaks were found in the power spectral density curves between 1 and 2 Hz due to rigid body motion of the vehicle. For some road obstacles such as cleats vibrational energy was found at frequencies as high as 300 Hz. Based on the power spectral density analysis of the road test data, 1 to 300 Hz appears to be the frequency range in which road vehicles present significant levels of steering wheel vibration. The maximum stroke of the test rig shaker unit (±25mm) limited the maximum acceleration amplitude that could be achieved at the rigid steering wheel, which in turn limited the minimum frequency that could be used for testing. For frequencies lower than approximately 3 Hz accurate sinusoidal acceleration signals could not be achieved at the rigid wheel.
The test frequencies for the study were therefore chosen to be 1/3 octave band center frequencies in the range from 3 to 315 Hz.
Equal Sensation Tests
In order to guarantee the generality of the findings four different equal sensation tests were performed whose defining parameters are summarised in while the remainder of the current section discusses the general methodology adopted in all cases.
Each equal sensation test was performed by means of the method of adjustment (Geschieder, 1997) . A total of 18 1/3 octave center frequencies were tested in the range from 3 to 315 Hz (i.e. 3, 5, 10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, 200, 250 and 315 Hz) . The reference stimuli for all tests was a sinusoidal vibration whose frequency value of 63 Hz was chosen based on the efficiency demonstrated during pretesting (Shayaa et. al. 2001 ) and based on the assumption that this value would help to reduce any bias that is introduced by the reference stimuli. A frequency value of 63 Hz is in fact in the transition region of human tactile perception thus both the non-Pacinian and the Pacinian (Verillo, 1966; Verillo 1985) mechanoreceptor systems are strongly excited and neither is favored.
Using the method of adjustment the reference stimuli was first presented to the test subject for 10 seconds during which time the subject was asked to memorize the sensation felt in his or her hands. The steering rig excitation frequency was then changed to the test value and the subject was asked to indicate his or her perception of intensity by means of verbal cues. The subjects were required to indicate their requested adjustment to the test stimuli amplitude by stating that the test stimuli should be made "lower", "slightly lower", "higher", or "slightly higher" until the new sensation matched that of the memorized reference stimuli. By means of these verbal cues the experimenter adjusted the amplitude of the test excitation in increments of 0.04 m/s 2 r.m.s until an intensity similar to that of the reference stimuli was achieved. Care was taken to perform the full stimulus matching process within a 30 second time interval so as to remain within the test subject's short-term memory (Baddeley, 1997 
Effect of Reference Stimuli Amplitude
The shape of equal sensation curves for the hand-arm system has been shown to be a function of the amplitude of the reference signal (Griffin, 1997) . To check for the possible size of this factor, equal sensation tests were performed using a 63 Hz fixed reference frequency at r.m.s. amplitudes of both 1.0 m/s 2 and 1.5 m/s 2 . The two amplitudes were chosen to be between the threshold of vibration perception for the human skin of the hand (Morioka, 1999) and the annoyance threshold for steering wheel vibration which was established from preliminary testing (Shayaa et. al., 2001 ). The two tests amplitudes were also checked against the road test database and found to be representative of several driving conditions.
Effect of Temporary Threshold Shift
Psychophysical tests such as the method of adjustment can be effected by temporary threshold shift in human perception caused by the vibration exposure. TTS v of the hand during the stimulus matching process was considered a possibly which might affect the shape of the resulting equal sensation curves.
TTS v is modulated by several factors including the frequency and intensity of the vibration exposure, the duration of the exposure, the time elapsed after the exposure and the clasping, pushing and pulling forces applied to the vibrating object (Harada, 1978; Nishiyama and Watanabe, 1981) . To evaluate the possibility of TTS v, effects equal sensation tests were conducted using a 63 Hz, 1.0 m/s 2 r.m.s , fixed reference signal with and without a 30 second break after each test stimulus. For the tests which included a break the subject was required to rest their hands and to move or shake them as appropriate so as to relieve any disturbances or changes in perception that they felt. For the tests without the break the subjects were not allowed to release their hands from the steering wheel throughout the 15 minute experiment.
Effect of Psychophysical Procedure
Studies by Miwa (1967) and by Reynolds et al. (1977) have shown that equal sensation curves are affected by the choice of test procedure. To evaluate this possibility, equal sensation tests were performed using the same 63 Hz, 1.0 m/s 2 r.m.s, reference signal but different procedures. The first test (T3) was performed using the conventional method of adjustment involving a fixed reference stimuli as described in section 2.3. The second test (T4) was performed using a variation of the method of adjustment that involved a moving reference signal (Shayaa et al., 2001 ). The moving reference method has its basis in the observation that human judgment is relative rather than an absolute (Laming, 1984) , thus the test result variance increases with increasing difference between the reference frequency and the test frequency. In the moving reference method the complete range of frequencies under investigation (in the case of the current study from 3 to 315 Hz) is subdivided into a smaller number of ranges covering no more than one octave, or frequency doubling, within each interval. Testing begins by setting the amplitude of the center frequency of the center octave band, this stimuli acting as the global reference of all tests. Using this first reference stimuli testing proceeds until the equal sensation amplitudes are established for all frequencies in the center band. With the center band completed, the test frequencies bordering with the next octave intervals are assigned to act as new references and testing proceeds until all frequencies in each of the two bands have been evaluated and assigned equal sensation amplitudes. Using the equal sensation amplitudes of the test frequencies which border the neighboring bands as the reference stimuli for the neighboring bands provides a progression of tests which culminates when all frequencies in all bands have been evaluated. In the current study setting a new reference after every frequency doubling produced new reference stimuli at 16, 31.5, 125 and 250 Hz.
Annoyance Threshold Test
An annoyance threshold test was also performed in addition to the four equal sensation tests. The objective of the test was to establish for each frequency the maximum amplitude of rotational vibration that the test subject was willing to accept for brief periods of time. This information was considered a useful supplement to the equal sensation tests since it effectively defines the maximum vibration amplitudes for which an equal sensation, or frequency weighting, approach might result applicable. The annoyance test was performed at the same frequencies as the equal sensation tests except in the case of 3 Hz where the limited stroke of the shaker unit made it impossible to reach the annoyance threshold. For each test frequency the method of limits (Geschieder, 1997) was used in which the amplitude was increased in fixed increments of 0.2 m/s 2 r.m.s. starting from a value of 1/2 of the annoyance threshold that was found in pretests (Shayaa et al., 2001) . In this study the term `annoying' was explained to the subjects to mean that they would not wish to continue the exposure for more than 5 seconds. Starting from the minimum amplitude of 1/2 the previously estimated threshold, the test stimuli was increased by the fixed increment every 3 to 4 seconds until the test subject indicated that he or she considered the stimulus to be annoying.
A 30 second break was used in between each test frequency so as to reduce possible TTS v effects. The order of presentation of the test frequencies was fully randomized for each test subject.
Test Subjects and Test Protocol
A total of 15 subjects participated in the study. A consent form and a short questionnaire was presented to each prior to testing, and information was gathered regarding their anthropometry, health, driving experience and history of previous vibration exposures. The subjects consisted mostly of university students and staff of which 10 were male and 5 were female, aged from 18 to 40 years with an mean value of 20.5 years. Height ranged from 1.5 to 2.0 meters with a mean value of 1.7 meters. Weight ranged from 45 to 90 kg with a mean value of 62.6 kg. All subjects declared themselves to be in good physical and mental health. Before commencing testing, each subject was required to remove any heavy clothes such as coats, and to remove any watches or jewelry that they were wearing. They were then asked to adjust the seat position and backrest angle so as to simulate a driving posture as realistically as possible. Four postural angles were measured at the arm, wrist, back and shoulder using a full circle goniometer (Norkin, 1995) . Since grip type and grip strength (Reynolds and Keith, 1977) are known to effect the transmission of vibration to the hand-arm system the subjects were asked to maintain a constant palm grip on the steering wheel using both hands. In addition, they were asked to maintain the grip strength which they felt they would use when driving on a winding country road. Mechanical coupling between the subjects and the rigid steering wheel was therefore expected to be representative of the driving task, thus involving a lower exchange of forces than is the case in applications such as hand-held power tools. The subjects were also asked to wear ear protectors and blackened (opaque) glasses to avoid any visual and auditory cues.
Room temperature was maintained within the range from 20 to 25° C so as to avoid significant environmental effects on the skin sensitivity (ISO 13091-1, 2001 ). For the equal sensation tests two trial runs involving stimuli matching were performed so as to familiarize the subjects with the test procedure.
For the annoyance threshold test a single example test was performed for the same reason. To avoid fatigue and learning effects, not more than a single test (equal sensation or annoyance threshold) was performed with a given subject per single day. The full test protocol was externally reviewed and found to meet the University of Sheffield guidelines for good research practice. which all used the 1.0 m/s 2 reference stimuli. Also of interest is that, as expected from psychophysical theory (Geschieder, 1997), the mean equal sensation amplitudes matched to the reference frequency of 63
Effects of Test Stimuli Frequency and Amplitude
Hz did not provide the original 1.0 or 1.5 m/s 2 values of the stimuli. The amplitudes were found to be from 3 to 10 percent higher. Another feature that can be observed from the data is that the standard deviation was found to generally increase with increasing test frequency, indicating a greater difficulty on the part of the test subjects to distinguish high frequency stimuli. From Figure 2 it can be observed that the equal sensation curves obtained using the reference stimuli of 1.0 and 1.5 m/s 2 (Test 1 and Test 2) are separated in amplitude but have similar shape. To investigate the similarity in shape of the curves, and thus the similarity in frequency dependency, the data of test 2 was normalized to the reference amplitude of test 1 (i.e 1.0 m/s 2 r.m.s). For each of the 18 frequencies a one factor repeated measures ANOVA (Hinton, 1998 ) was performed at a 5 percent confidence level by taking the equal sensation test to which the data belonged (Test 1 or normalized Test 2) to be the test condition. In all 18 ANOVA tests the differences between the data sets were found to not be significant a 5 percent level, thus confirming the similarity in shape. While amplitude dependency has occasionally been identified described in literature in cases involving translating handles, the current study suggests that any such changes are relatively small in the case of rotational accelerations at amplitudes encountered in road vehicles.
Effects of TTS V and of Psychophysical Procedure
Comparison of the data of Table 3 for equal sensation test 1, involving a 30 second break between stimuli, and equal sensation test 3, involving no break between stimuli, suggests that TTS v did not have a large effect on the equal sensation data. As in the case of reference stimuli amplitude, a check was performed of the differences between the two data sets (T1 and T3). For each of the 18 frequencies a one factor repeated measures ANOVA was performed at a 5 percent confidence level by taking the equal sensation test to which the data belonged (T1 or T3) to be the test condition. In all 18 ANOVA tests the differences between sets T1 and T3 were found to not be significant a 5 percent level, thus confirming the limited effect of introducing a 30 second recovery period between stimuli. The mean value curves of Figure 2a and 2c confirm the similarity of the equal sensation curves obtained with and without the break.
Use of the moving reference frequency test procedure was found to lead to greater differences in the test results than the other factors investigated. In order to determine the f requencies at which the greatest differences occurred a one factor repeated measures ANOVA was performed between sets T3 and T4 for each of the 18 test frequencies at a 5 percent confidence level. In this case statistically significant differences were found at all test frequencies below 20 Hz, i.e. 3, 5, 10, 12.5 and 16 Hz. Further proof of the difficulties with the moving reference method can be noted in the standard deviation values of Table 3 where the moving reference procedure of T4 presents standard deviation values up to 50 percent greater than with the traditional method of adjustment (T3).
Frequency Weighting Curve W s
Using the data from equal sensation tests 1 and 2, a frequency weighting for evaluating hand-arm discomfort due to rotational steering wheel vibration was developed. Use of these data sets appears to be appropriate in this study due to their intermediate position above mean skin perception threshold curves and below the annoyance threshold As a first step towards determining a frequency weighting the data of the two equal sensation curves was normalized to the same reference stimuli intensity of 1.0 m/s 2 .
Regression curves were then constructed through the equal sensation data points over three segments; from Figure 3a) were then inverted and normalized to a maximum value of unity (shown in Figure 3b ) thus serving as the basis from which to define the frequency weighting.
The frequency weighting was given the name W s due to its intended use in evaluating steering vibration.
W s is defined to have a slope of 0 dB per octave over the frequency interval from 3 to 6.3 Hz based on the simplification of the current results (since the slope over this interval was small) and based on Miwa's (1967) equal sensation data. In the frequency interval from 6.3 to 50 Hz the slope of W s is defined to be - [Insert Table 4 Here] [Insert Figure 3 Here]
Discussion
The four equal sensation curves obtained in this study were found to be similar in terms of shape. Of the factors which were thought to possibly effect the equal sensation tests, the psychophysical test procedure was found to have the largest effect. The moving reference test procedure produced a larger data variance than the use of the more traditional method of adjustment based on a fixed reference stimuli. Statistically significant differences (p>0.05) in the equal sensation amplitude values were found between the two data sets at all test frequencies below 20 Hz for group of test subjects (n=15). Below 20 Hz the moving reference method produced higher mean acceleration amplitudes. The other two factors investigated, the use of breaks between test stimuli to minimize TTS v and a change of reference stimuli amplitude from 1.0 to 1.5 m/s 2 , did not produce statistically significant differences (p>0.05) in the equal sensation results on a frequency by frequency basis. In both cases the findings can possibly be explained by the short duration of the reference signals and the relatively low vibration intensities involved.
The equal sensation data determined in the current study can be compared to the data obtained by Miwa (1967) for the human hand-arm system pressed against a translating plate and to the data obtained by Reynolds et. al. (1977) from measurements performed with a translating handle. Figure 4a curves were used to model the behavior of the synthesis curve over the interval from 1 to 1000 Hz. The segments from 1.0 to 6.3 Hz and from 6.3 to 80 Hz were found to be best modeled by a linear expression while a quadratic expression was found to be required for the third segment from 80 to 1000 Hz. The regression equations and the coefficients of determination for each segment are presented in Table 5 .
Below 6.3 Hz the regression line of the synthesis curve can be simplified to a line of constant acceleration as in the work of Miwa.
[Insert Table 5 Here] [Insert Figure 4 Here] Some observations can be made regarding the transitio n points of the data synthesis curve obtained by considering also previous research. The known frequency response characteristics (Verillo, 1966; Verillo, 1985; Bolanowski et al., 1988) of the human skin mechanoreceptors suggest that it is unlikely that changes in their output causes the transition point at approximately 6.3 Hz. Verbal commentary obtained from the test subjects during the current study suggests instead that the transition is caused by the onset of mechanical decoupling of the upper arm and shoulder from the vibration source at the wheel. In the region from 5 to 10 Hz a visible decoupling occurs in which the response amplitude drops noticeably in the upper arm and upper body regions. Direct support for this hypothesis can be found in the results of Reynolds and Angevine (1977) where acceleration transmissibilities were found to drop sharply above 10 Hz. Indirect support can be found in the research by Giacomin (2000) which used a body part discomfort form to evaluate the subjective sensation of discomfort caused to upper body regions by rotational steering wheel vibration of fixed frequency. The known frequency response characteristics of the human skin mechanoreceptors suggest that the transition in the region from 40 to 80 Hz is caused by the onset of output by the Pacinian mechanoreceptor system. It is unlikely that such a sharp change in human vibration perception sensitivity can be due to mechanical factors related to the coupling between the vibrating structure and the human.
In order to consider the differences that might arise in practice when using W h , or W s or the inverse of the data synthesis curve to weight a hand-arm vibration exposure, Figure 5 compares the three possibilities.
Important differences can be noted at all frequencies below approximately 160 Hz with particularly large differences occurring between W h and the other two representations for frequencies lower than 6.3 Hz. The differences between the possible weightings would be expected to effect the evaluation of automotive tyres, suspension systems and steering systems.
[Insert Figure 5 Here]
Psychophysical tests of human perception of steering wheel rotational vibration were performed using a laboratory test rig which simulated an automotive driving posture. Four equal sensation and one annoyance threshold test were performed for each of 15 subjects who held the steering wheel with both hands using a grip strength that they considered indicative of driving on a country road. All four equal sensation curves showed a general tendency of reduced skin sensitivity with increasing frequency. Changes in the slope of the equal sensation curves occurring at two transition points, one at 6.3 and the other at 50 Hz. The data was summarised by means of linear regressio n in the intervals from 3 to 6.3 Hz and from 6.3 to 50 Hz, while a quadratic expression was required above 50 Hz.
Inversion and normalization of the regression curves provided a basis from which to define a frequency Table 2 ) Four equal sensation tests were used in pairs to observe the effects of reference stimuli amplitude, temporary threshold shift and psychophysical procedure. * Break given to the subjects after each pair of reference and test stimuli. Ψ A variation of method of adjustment was used. 
